This paper explores a decision making model for a multidisciplinary problem in nature. This problem considers the role of energy use in sustainable development and the potential sources to increase energy efficiency during its whole life cycle; it also deals with multicriteria decision making of plastic materials used in a day to day basis. Exergy analysis of plastic materials used to the manufacture of disposable polyethylene bags comparing them with other materials that can be used for substitution will be important to take decisions. We are also interested in plastic poly (ethylene Terephthalate or PET) bottles. The calculation of the incoming and outgoing Exergy flows during the production processes are carried out. The Exergy loss considering the sustainability concept, Green House Gases emissions, real energy flows needed to the chain of processes, material balances in the productions chains and value added, are presented as a set of criteria to make decisions of alternative materials including the actual ones. A case study for Mexico's market will be developed in order to prove the methodology. It offers some interesting data about consumption and production of bags and bottles.
Introduction
Scientific and technological development enables to provide a wide variety of goods and services in order to satisfy our day to day needs, they also put at risk the quality and longer-term viability of the biosphere as a result of unwanted, "second order" effects [1] . These effects are those related to pollution, as mainly global warming, acid rain, water and soil contamination, etc.
Over a period of some 15 -20 years, the international community has been grappling with the task of defining the concept of "sustainable development". Starting from Brundlandt report on sustainability that states sustainable development as: development that meets the needs of the present without compromising the ability of future generations to meet their own needs [2] , it continues to be evident that sustainability is a multidisciplinary topic including challenges for technology, based on the efficient use of energy. A lot of parameters and criteria are essential for long-term global sustainability.
This research focuses on two theses. The first one is that plastic bags and bottles for individual use are not efficient on the energy efficiency viewpoint, considering also global pollution and waste problems, within their full life cycle: production, use and disposal.
During production of those items, a waste of non renewable resources and Green House Gas (GHG) emissions are present and their lifetime use is very short, mainly at the end of their use, i.e. their final use. Then, the efficient use of energy, avoiding also energy and raw material waste are essential for long-term global sustainability.
Our second thesis concerns different materials or ways to use plastics getting longer use life cycle, saving energy and avoiding pollution; we strongly believe that using technology-driven sustainability and economic growth, without wasting non renewable resources and energy, is possible.
General relations about energy efficiency, Exergy, and a thermodynamic parameter, such as relative irreversibility, are presented first. * We thank to Programa de Apoyo a Proyectos de Investigación e Innovación Tecnológica project number IN102710, from DGAPA-UNAM for the grant allocated to us in order to do this paper.
until the production of plastic bags and bottles are considered to perform the Exergy analysis, comparing them with other materials with a less energy and non-renewable resources consumption.
To choose which material (including the actual ones) is better and to choose the outranking substitution alternatives, Multicriteria methods [3] can be used, considering several criteria such as: Exergy efficiency and ireversibility; non renewable resources used over their life cycle; profit are suitable criteria to remedy the present plastic materials waste in their full energy life cycle and minimize GHG emissions.
Generally, sustainability is associated with ecology and energy; however, it has major implications, since it is a general concept that covers since the system's birth until implementation of tasks for improvement quality of human life and the environment.
The quantification of sustainability is important but also difficult because of the relations between energy, economic, ecological and social factors.
In this work, "Exergy" concept is understood as the maximum amount of work which can be produced by a stream of matter, heat or work as it comes to equilibrium with reference environment; it can be linked with environmental impacts because through the Exergetic Analysis, the irreversibility in the process can be known and thus, it can lead to a better behavior to increase energy efficiency.
The Life Cycle Analysis (LCA) is a useful tool in many cases to assess the environmental impacts producing by the processes. ISO14040: 2006 [4] defines it as: Compilation and evaluation of the inputs, outputs and the potential environment impacts of a product system throughout its life cycle.
In using the above concepts and methods to apply to plastic materials, we present in Figure 1 all associated concepts that can be viewed integrally.
Methodology
A methodology has been created in order to perform the whole analysis considering the different stages, as it follows in Figure 2 .
Considering the diagram presented in the above figure, it will be described each one of the involved concepts in the following paragraphs.
Exergy and Energy Analyses
One of the objectives of this work is to show Exergy analysis as a powerful instrument to address sustainable development. An important aspect of sustainable development is the minimization of total irreversibility caused by the use of non-renewable resources. The Exergy method has as evaluation basis, thermodynamic losses follows from the second law of Thermodynamics. Exergy is then defined as the maximum potential work of a material or an energy form, in relation with its environment. Actually there exist only in irreversible processes.
In an Exergy balance, the irreversibility rate of a steady flow process can be calculated, combining the steady flow energy equation (First Law) with the expression for the entropy production rate (Second Law). Some works using Exergy analysis for life cycle of products are found in the literature such as those of Dewulf and Langenhove [5] . Exergy constrained in a system represents a resource [6] . When emitted to the environment, Exergy becomes unconstrained and represents a driving potential for environmental damage. On the other hand, when decreasing the Exergy efficiency of a process causes an increase in the related environmental impact associated with the process, trough resource degradation, or waste Exergy emissions.
To determine the thermodynamic perfection of a system, not only processes that occur within the system have to be taken into account, but also all kinds of interaction between energy and material flows outside the system's boundaries. Only then, the system's actual performance and its impact on the environment can be evaluated. The irreversibility during the complete life cycle allows to evaluate the degree of thermodynamic perfection of the production processes and to conduct the assessment of the whole process chain [7] .
The Exergy method is defined as a measure of the potential or quality work of different forms of energy in relation to a given environment. An Exergy balance applied to a single process or in a whole plant or even for a chain of processes, beginning from a given raw material to a defined product, tell us how much of the usable potential work or Exergy, supplied as an input to the system under consideration has been consumed by the process. The loss of Exergy or irreversibility provides a measure of process inefficiency.
On basis of the life cycle approach in combination with Exergy analysis a method is developed, which is called the Exergetic Life Cycle Analysis (ELCA). This method is an extension to the already established method of Life Cycle Assessment [8] . The ELCA should be a part of every LCA, because life cycle irreversibility is the most appropriate parameter for the depletion of natural resources. The irreversibility also called Exergy loss, is calculated by setting up the Exergy balance and taken the difference between all incoming and outgoing Exergy flows or:
where "I" is the irreversibility of the process and, "E" represents Exergy. Exergy is divided mostly in two streams: physical Exergy and chemical Exergy. Chemical Exergy reflects the resource's deviation in chemical composition from the reference environment. For the majority of natural resources, this chemical Exergy is the most important contribution to its exergetic value.
From the constituents of the elements, the chemical Exergy of any resource substance can be calculated through thermo-chemistry. Given the standard Gibbs free energy of formation ΔG 0 (kJ/mol), the chemical Exergy of a compound i, (kJ/mol), is computed by:
where v el , , ch el are the number of moles and the standard chemical exegy (kJ/mol) of the elements that constitute the compound.
In order to calculate the reaction free energy ΔG 0 , one extracts the enthalpy of formation H f 0 (kJ/mol) and absolute entropy S 0 (kJ/mol K) for both reagents and reaction products from thermo-chemical databases. ΔG 0 is then obtained through:
For some compounds thermo chemical data and/or chemical composition are unknown (e.g., solid fuels, oil, etc.), this makes it difficult to determine the entropy of reaction with a reasonable degree of accuracy [9] . Szargut and Steward [10] assumed that the ratio of chemical Exergy e 0 , to the net calorific value (NCV) for solid and liquid industrial fuels is the same as for pure chemical substances having the same ratios of chemical constituents. This ratio is denoted by :
For organic substances contained in solid fossil fuels consisting of C, H, O and N, there are empirical data to perform calculations about exergy. Some other empirical relations can be found in Kotas and Szargut [9] .
Exergy analysis has several uses in LCA, e.g., as a rough indicator for total environmental impact, or when performing an improvement assessment for identifying losses of useful energy. Exergy may also be used as a measure of the depletion and use of energy and material resources [11] .
There are two main advantages of Exergy analysis. First, all materials can be expressed in the same unit, in Joules of Exergy. Second, this basis allows a thorough and objective analysis of industrial processes with respect to their resource inputs and process efficiencies. Assessment of sustainability is based on calculation of cumulative Exergy consumption (CExC), taking into account resources required to generate the product [12] .
In our two cases, we will start the Exergy analysis from crude oil processing until the production of low density polyethylene (LDPE) and polyethylene terephthalate resins (PET). But not only, energy full cycle analysis (considering only the first law of thermodynamics concept), can show that polyethylene bags have a better performance during its life cycle than no matter other materials including those bags made with renewable materials [13] .
Multicriteria Methods
This paper uses the PROMETHEE-GAIA, a multicriteria decision aid method (MCDA). Let us consider the following Multicriteria problem [14] : Max {g 1 
 } where A is a finite set of possible alternatives {a 1 , a 2 , ···, a i , ···, a n } and {g 1 (·), g 2 (·), ···, g j (·), ··· g k (·)} a set of evaluation criteria. There is no objection to consider some criteria to be maximized and the others to be minimized. The expectation of the decision maker is to identify an alternative optimizing all the criteria. In most cases at least technological, economical, and environmental criteria should always be taken into account. Multicriteria problems are therefore extremely important and request an appropriate treatment. The basic data of a Multicriteria problem consist of an evaluation of alternatives and criteria, as it is shown in Table 1 .
The solution of a Multicriteria problem depends not only on the basic data included in the evaluation table but also on the decision-maker himself. The best compromise solution also depends on the individual preferences of each decision-maker [15] . Consequently, additional information representing these preferences is required to provide the decision maker with useful decision aid.
Life Cycle Analysis
Life Cycle Analysis is a relative approach, which is structured around a functional unit. This functional unit defines what is being studied. All subsequent analyses Table 1 . Multicriteria matrix.
are then relative to that functional unit, as all inputs and outputs in the Life Cycle Inventory (LCI) and conesquently the Life Cycle Impact Assessment (LCIA) profile are related to the functional unit.
Exergetic Life Cycle Analysis (ELCA)
Sustainable improvement processes or activities are achieved through the reduction of irreversibility, had a clear distinction between renewable and non-renewable resources to assess the sustainability of a process or activity [16] . This method began in 1977 with the work presented by Wall. This type of analysis applied to productive sectors may lead to understanding of how to improve the sustainability of the activities through the reduction of Exergy consumption. The methodology of ELCA is relatively the same of LCA, the difference is that the Inventory Analysis is more extensive, the mass and energy balances should be closed and the black boxes must be more simplified for inputs and outputs of production processes considered within the inventory. Also, the conditions and composition of the environment should be taken into account [17] .
Case Study

Goal and Scope Definition
The goal of this study is to compare substitutions material for shopping bags and PET bottles using multicriteria decision making as it was described in 2.2. Alternatives to polyethylene bags are: cotton (unbleached), polypropylene, paper (unbleached Kraft). We will compare them following the methodology described with the actual polyethylene bags including pro degradeing additives.
Because of the carrying capacity of the plastic bag, the functional unit is taken to be the use of 900 polyethylene bags and 675 paper bags (the number of single use bags to carry goods from a store to home equivalents to the use of one reusable bag were calculated). For PET bottles the substitution alternatives are glass and aluminum. The functional unit of PET study is 1 ton. (26,000 bottles of 1 liter volume) this calculation bases was used for the Exergetic Life Cycle Analysis and the atmospheric emissions.
Materials
As we have pointed out, five types of grocery bags were analyzed, three of them disposable: the commonly used plastic bag made from Low Density Polyethylene, a LDPE bag containing a pro degrading, unbleached Kraft paper bags and two reusable: a polypropylene fiber bag and a cotton bag. Polyethylene is not biodegradable mainly because it has large molecular weight and its large molecules cannot enter into the cells of microor-ganisms easily.
After many years of research, it has now been established that the mechanism of polyethylene biodegradetion, known as "oxo-biodegradation", involves two stages. They are: 1) abiotic (photo or thermo) oxidation, and 2) microbial biodegradation. In the first stage, polyethylene is oxidized leading to the reduction of its molecular weight significantly. Also, hydroxyl (OH), carbonyl (C=O) and carboxyl (COOH) groups are introduced into polyethylene chain leading to further oxidation of poly-ethylene.
Pro-oxidants (Pro degradings) are transition metal ion complexes and they are added to polyethylene in the form of either stearate or other organic ligand complexes. Fe 3+ , Mn 2+ or Co 2+ stearate are the most commonly used pro-oxidants. Polyethylene that has been oxidized by pro-oxidants will be more susceptible to microbial attack than the initial polyethylene film due to increased hydro philicity and presence of low molecular weight fragments [18] .
PET is a thermoplastic obtained through a condensation reaction with two main raw materials: terephthalic acid and ethyleneglycol.
The glass is an inorganic substance hard, fragile, transparent and amorphous formed by silicon dioxide (SiO 2 ), sodium carbonate (Na 2 CO 3 ), calcium carbonate (CaCO 3 ) and feldspar. Glass production consists of a casting process at 1500˚C.
The main raw material in aluminum production is bauxite rocks, which are formed by aluminum mineral such as: gibbsite, boehmite and diaspore.
Data Source
For the case study the LCA is carried out with the aid of the software package SimaPro 7.1. Also Aspen Plus database is used for thermo-chemical data. Chemical technology encyclopedias have also been consulted [19] , as well as existing and publicly available Life Cycle Assessments reports. The plastics Europe reports developed by Boustead Consulting also were consulted. The Process Economic Program reports are mainly from where the information on raw materials, by products and utilities come from [20] .
Considerations
At the end of its first use, PE and PET can be simply disposed in the environment without any conversion. Alternatively, they can be converted trough incineration or trough land filling with methane captation for heat and/or electricity production. They also can be recycled resulting in the same plastics if it is possible.
Of course recycling systematically generates the highest output. In the case of Polyethylene it is only possible to recycle 60% in the best case.
Taking Mexico consumption of plastic bags and bottles, we have dimensioned the pollution problem, energy degradation and hydrocarbons waste. In Mexico it was consumed a mean of Polyethylene high and low density, it is approximately of 600,000 ton/year. Considering that 900 bags are equivalent to 5.04 Kg, this is equivalent to 107,100 million bags/year. The gross benefit for producers are about 2 US$/kg. It means a good business. From the point of view of non renewable resources waste, in Mexico are crapped an equivalent of 8.25 million US$/ day (considering a crude oil international price of 84 US$/barrel).
Taking as base bottles of 1 liter, Mexico has produced 9760 millions of bottles/year. In this case the gross margin benefit is more or less 0.060 $/bottle. Only 10% of these bottles are really recycled effectively. In the world, as a consequence there is an important surplus of raw material, i.e. Poly (ethylene Terephthalate). This implies that recycling business is no longer a good one at least in the short term. Table 2 summarizes the input and output flow of Exergy during the selected production processes for the PE and possible substitute bags. In such way, it has been possible to identify the life cycle steps with the main Exergy losses due to the process irreversibility and to the environmental pollutant releases.
Results
PE Bags versus Alternative Materials Bags
Low Density Polyethylene was produced by a high pressure process autoclave reactor.This gives a total of Minimize: process irreversibility in the whole life cycle.
Minimize: non renewable resources used in its life cycle.
Minimize: real quantity of energy in each one of the processes involved in the life cycle of all alternatives.
Maximize: end product value (total cost of production plus 25% on ROI (Return on Investment).
Total Exergy outputs do not take into account Exergy of emissions since they are considered as losses, therefore emissions are not considered for the calculations of irreversibility related to the processes. Although other emissions to air, water and soil are not included. CO, methane, SO 2 and mostly CO 2 emissions are the main substances related to pollution.
Minimize: GHG in the whole life cycle of each alternative.
Using the results of each variable calculated according with our methodology, we present the results of Multicriteria solver Decision Lab, as follows (Figure 3) . Table 3 illustrates the results of the Exergy analysis, which represents the Exergy destruction by process ireversibility associated with each production stage on the life cycle of the examined materials. As can be seen from the columns, the production of unbleached Kraft paper destroy the highest quantity of Exergy, which represents a much more relevant input than PE bags from the view point of Exergy consumption. Table 3 shows the emissions embedded within the life cycle of the alternatives analyzed.
According to the ranking obtained by PROMETHEE, the bags made from Propylene and Cotton are the best material based on the criteria considered (Irreversibility, real energy, mass balance, and unit product value). Taking into account another criterion named GHG, Green House Gases, mainly CO 2 during the whole LCA, the results have changed taking into account the preference order.
Nevertheless the bags made from polypropylene are always the better alternative. The production of low density polyethylene bags with an ox degrading additive has the highest Exergy embedded on emissions. From Table 3 , it is clear that the production of 1 polypropylene bag that is equivalent to the use of 900 PE bags, involves the lowest losses of Exergy. These data suggest that the employment of alternative materials instead of Polyethylene for the production of retail shopping bags is not always the best choice, even if the material inputs are lower between the functional units like is the case of cotton reusable bags.
The PET Case
We have performed the calculations for PET manufac- 
Multicriteria Decision Making in the Bags Case
In the end of the methodology that has been presented turing process from terephthalic acid and ethlyleneglycol considering de input-product coefficient of PEMEX [21] . Table 4 shows the exergies with their irreversibility of PET manufacturing. The functional unit is 1 ton PET (26,000 bottles of 1 liter).
In the ELCA for the recycling alternative; there is a consumption of 91.15 MJ/ Kg PET with which it is possible to obtain the same Exergy of pure PET (23,705 MJ/Ton.PET) which in principle can be interpreted as one of the biggest advantage of this material [12] .
Recycling Process of PET
The calculation of PET recycling is presented in Table 5 .
The net flux of preference shows that the substitution of primary PET bottles can be done through recycling aluminum and recycling PET because these two options present positive fluxes. Also, we can observe that the glass bottles in primary and recycling processes have a negative performance. On the other hand, primary aluminum represents the worst performance mainly due to the electrolytic process.
Considering that results shown above are not consistent, it was decided to divide the problem in two clusters. First one with primary materials and the second one with recycled materials. The results once a multi-criterion was performed were:
PET > Glass > Aluminum: primary materials Aluminum > PET > Glass: recycled materials Also it was decided to propose a substitution strategic path consisting in replacing the growth annual rate (10%) with recycled aluminum cans and PET recycled bottles.
The multicriteria results are shown in Figure 4 below.
Conclusions
Exergy aspects of the substitution problem between plastic bottles and bags for other materials more exergy adequate are presented in this study. These materials are: PET, with reuse consideration and better Exergetic Life Cycle Analysis. We also analyzed Polypropylene big bags and cotton as a natural fiber bag alternative.
Considering that results shown above are not consistent, it was decided to divide the problem in two clusters. First Exergy aspects of the substitution problem between plastic bottles and bags for other materials more exergy adequate are presented in this study. These materials are: PET, with reuse consideration and better Exergetic Life Cycle Analysis. We also analyzed Polypropylene big bags and cotton as a natural fiber bag alternative.
Some concluding remarks which can be extracted from this study are as it follows: (a) From PE material balance, we have 0. 207 Copyright © 2012 SciRes. AJOR bottles (f.u.); that quantity is equal to 0.9 crude oil barrels/PET bottles (f.u.). (e) According with the substitution strategic, it's possible to reduce 2.14 million of CO 2eq and 10.28 million of barrels of crude oil in irreversibility's terms. (f) Considering 160 billion bags consumed/year, it is equivalent to dispose into the landfill 4,754,2612 US$/day. (g) Considering 9700 million bottles consumed/year, it is equivalent to dispose into the landfill 149,000,000 US$/day. (h) The production of unbleached Kraft paper destroy the highest quantity of Exergy, which represents a much more relevant input than PE bags from the view point of Exergy consumption. (i) The production of polyethylene bags with an ox degrading additive has the highest Exergy embedded on emissions. (j) It is clear that the production of 1 polypropylene bag that is equivalent to the use of 900 PE bags, involves the lowest losses of Exergy. (k) These data suggest that the employment of alternative materials instead of Polyethylene for the production of retail shopping bags is not always the best choice. (l) On the other hand the use of MCDA will be of a long interest for better decision making. (m) The MCDA will give a measure of the production and delivery of useful work to consumers. This conversion efficiency tends to increase over time, when it is also a measure of technology and important economic factors. (n) Exergy is a way to a sustainable development. In this regard, Exergy analysis is a very useful tool, which can be successfully used in the performance evaluation of waste materials with a very short life cycle. As another conclusion, the authors expect that the analyses reported here will provide the investigators with knowledge about how effective and efficient is to use its renewable resources. This very useful knowledge is also needed for identifying energy efficiency and/or energy conservation opportunities, as well as for dictating the right energy and Exergy management strategies of those items to be driven results for other types of materials or services. Calculation of the overall destroyed Exergy to obtain the selected f.u. Exergy losses provides not only a measure of the energy availability or of the resource depletion but also the most sustainable criterion to reduce the Exergy losses and to improve the technological efficiency of the industrial production system. In this way, the Exergy analysis, associated with the energy and mass balances in an industrial process, represents an important advancement in the multi-criteria analysis of products.
The analysis of different alternative material for the manufacturing of retail shopping bags showed how selected production processes accounted for Exergy destruction and therefore resource depletion, and then a comparison can be made among the different alternatives within the same unit (MJ of Exergy). The Total Exergy of air emissions in primary production of PET is considerable (4099.68 MJ) if we consider that these emissions are for functional unit (1 ton. PET = 26,000 bottles).
The exergy analysis shows that the PET recycling process is an important option in the waste disposal treatment since the recycling irreversibility represents 9.38% with respect to primary process irreversibility. Also products obtained trough recycling processes are of sufficient quality to be used instead PET production.
